Histone chaperones, chromatin remodelers, and histone modifying complexes play a 48 critical role in alleviating the nucleosomal barrier. Here, we have examined the role of two 49 highly conserved yeast (Saccharomyces cerevisiae) histone chaperones, FACT and Spt6, in 50 regulating transcription and histone occupancy. We show that the H3 tail contributes to the 51 recruitment of FACT to coding sequences in a manner dependent on acetylation. We found that 52 deleting a H3 HAT Gcn5 or mutating lysines on the H3 tail impairs FACT recruitment at ADH1 53 and ARG1 genes. However, deleting the H4 tail or mutating the H4 lysines failed to dampen 54 FACT occupancy in coding regions. Additionally, we show that FACT-depletion greatly reduces 55
INTRODUCTION 68
The nucleosome is the fundamental unit of chromatin and is composed of ~ 147 bp of 69 DNA wrapped around a histone octamer consisting of two copies of histones H2A, H2B, H3 and 70 μg/ml doxycycline overnight, and sub-culturing the overnight cultures in 100 ml of synthetic 160 complete (SC) media with 10 μg/ml doxycycline to an OD 600 of 0.6. 161
162

Coimmunoprecipitation Assay 163
The coimmunoprecipitation experiments were performed as described previously (GOVIND et al. 164 2010). The HA-tagged H2B or Spt16-Myc tagged WT and H3∆1-28 strains were resuspended in 165 500 µl of lysis buffer (50 mM Tris-HCl [pH-7.5], 50 mM HEPES-KOH [pH 7.9], 10 mM 166
MgSO 4 , 100 mM (NH 4 ) 2 SO 4 , 12.5 mM KOAc, 0.01% NP-40, 20% Glycerol, 1ug/ml Pepstatin 167 A, 100 mM PMSF, 1ug/ml Leupeptin;) and 500 µl of glass beads, and disrupted by vortexing (18 168 seconds x 8 times, and 150 seconds on ice between each agitation cycle). Whole cell extracts 169 were incubated overnight with magnetic beads that were pre-conjugated to anti-Myc or anti-HA 170 antibodies in 100 µl 4X MTB buffer (200 mM HEPES-KOH [pH 7.9], 800 mM KOAc, 54 mM 171 MgOAc2, 40% Glycerol, 0.04% NP-40, 400 mM PMSF, 4 ug/ml Pepstatin, 4ug/ml Leupeptin), 172 and washed 5 times with the wash buffer (50 mM Tris-HCl (pH-8.0), 0.3% NP-40, 500 mM 173 NaCl, 10% Glycerol, 1mM PMSF, 1ug/ml Leupeptin, and 1ug/ml Pepstatin). 174
Immunoprecipitates were analyzed by western blot using the following antibodies: anti-Myc 175 (Roche), anti-HA (Roche), anti-Spt16 and anti-Spt6 antibodies (kindly provided by Tim 176 Formosa). The signal intensities were quantified using Image Studio lite version 5.2 (LI-COR 177 Biosciences). 178
179
ChIP and ChIP-chip 180
The cultures were crosslinked with formaldehyde and processed for chromatin 181 immunoprecipitation as described previously (GOVIND et al. 2012) . ChIPs were performed using 182 antibodies, anti-Myc (Roche), anti-Rpb3 (Neoclone), and anti-H3 (Abcam). ChIP DNA and the 183 related input DNA was amplified using the primers against specific regions. 5µl of ChIP dye 184 (15% Ficol, 0.25% bromophenol blue in 1X TBE) and SYBR green dye were added in the PCR 185 products, resolved on 8% TBE gels and visualized on a phosphorimager and quantified using 186 University. The arrays were scanned using Agilent scanner, and data was extracted with the 200 Feature Extraction software (Agilent) as described previously (SPAIN et al. 2014) . 201
202
Bioinformatics Analysis 203
The data extracted with the Feature Extraction software (Agilent) was normalized using Limma 204 package from Bioconductor, as described previously (VENKATESH et al. 2012) . The genes were 205 divided into 10 equal sized bins, with the two bins assigned to the region 500 bp upstream of the 206 transcription start site (TSS) and two bins to the 500 bp to the region downstream of the 207 transcription end site (TES). The average probe enrichment values were assigned to the closest 208 bin according to the probe location, and a 10 bin matrix was generated using a PERL script. 209
Genes corresponding to the majority of dubious ORFs, tRNA genes, small nuclear RNA genes as 210 well as autonomously replicating sequences (ARS) were removed from the dataset. The 211 enrichments in the 6 bins between TSS and TES were averaged to obtain an average ORF 212 occupancy. The genes for analysis were selected on the basis of ORF enrichment. The genes 213 <500 bp in length were removed from the analyses. Figure 1A) . In 242 comparison, in the H4 tail mutant (H4∆1-16), only a small (~20%) reduction was observed in the 243 ARG1 3' ORF ( Figure 1A) . A substantial reduction in Spt16 occupancy (~80%) was also 244 observed at a constitutively expressed ADH1 gene in the H3 mutants ( Figure 1B ), but not in the 245 H4 mutant ( Figure S1A ). Although, FACT/Spt16 interacts with both H3 and H4 tail peptides, in 246 vitro, (STUWE et al. 2008; VANDEMARK et al. 2008) it appears that the H3 tail may help in 247 recruiting or retaining FACT to its target genes, in vivo. Consistent with this idea, reduced 248 occupancy of Spt16 was also observed in the coding regions of PYK1, PMA1 and GLY1 genes 249 ( Figure 1C) . In contrast to the impaired Spt16 occupancy in the H3 mutant, for most genes, Pol II 250 occupancies were comparable in WT and the H3 mutants, except for the GLY1 gene, which 251
showed a small reduction in Pol II occupancy ( Figure S1B) . 252
To further examine the role of the H3 tails in promoting FACT association with 253 chromatin, we performed coimmunoprecipitation assay. The HA-tagged histone H2B (H2B-HA) 254 efficiently pulled-down Spt16 from the whole cell extracts (WCEs) prepared from HA-tagged 255 WT cells but not from untagged cells ( Figure 1D , left). We also observed a reduced Spt16 pull-256 down from the H3∆1-28 WCEs (~50 %; Figure 1D , right). No such reduction in Spt16 257 occupancy was seen in the H4 tail deletion mutant (H4Δ1-16; Figure S1C ), supporting the idea 258 that the H3 tail promotes Spt16 association with chromatin in vivo. However, the extent to which 259 the H3 tail contributes in this process may be variable, as observed by the differences of Spt16 260 occupancies at the different genes in the H3 mutant ( Figure 1A-1C Figure 2C and Figure S2B ). In contrast, both WT and the HAT mutant displayed 279 comparable Pol II occupancies at ARG1 and ADH1 ( Figure 2D , and Figure S2A ). To examine 280 whether FACT occupancy correlates to H3 acetylation levels, we determined Spt16 enrichment 281 at ARG1 in a histone deacetylase mutant, rpd3Δ/hos2Δ. Interestingly, Spt16 occupancy was not 282 reduced in the histone deacetylase mutant rpd3∆/hos2∆ ( Figure 2E ). This is surprising given 283 that H3 acetylation levels were shown to be elevated in this mutant (GOVIND et al. 2010 The heat-maps depicting changes in Rpb3 enrichment (spt16/WT) showed diminished 341 ratios in coding regions of the genes displaying the greatest Rpb3 enrichments in WT cells 342 ( Figure 3C ). Consistent with a strong correlation between Spt16 and Rpb3 occupancies, the 343 genes with the highest Spt16 enrichments showed greatest Rpb3 reductions ( Figure 3D ). 344
We also noted that deletion of Spt16 (and Spt6, described later) also revealed an increase 345 in Pol II occupancies at those genes, which otherwise show very poor enrichment ratios in WT 346 cells. Given that our ChIP-chip normalization was performed without spike-in control, this 347 apparent increase in Rpb3 occupancy is unlikely to be biologically relevant. 348
To further analyze the impact of depleting Spt16 on Pol II occupancy, we selected the top 349
25% genes showing greatest Rpb3 occupancy in WT cells (n=1246). Nearly identical profiles for 350
Rpb3 occupancy were observed in WT and BY4741 at the metagene comprised of these 351 transcribed genes ( Figure 3E genes, predicted to express cryptic transcripts in the previous study, were among the 1246 genes 364 exhibiting high-levels of Pol II occupancy ( Figure S3B ). Replotting Pol II occupancy data after 365 excluding these 154 genes ( Figure S3C ) displayed profiles similar to that observed in Figure 3E . 366
This analysis suggests that it is unlikely that differences in Pol II profiles observed under Spt6 367 and Spt16 depleted condition is a result of the presence of genes expected to display cryptic 368 transcription. It is possible that Pol II pausing and queuing Pol II in the 3' end superimposed on 369 elongation defects at the very 5' end could result in increased Pol II occupancy towards the 3' 370 end on depleting Spt16. 371
Given that Gcn4 target genes are activated under the growth conditions used (see 372
Materials and Methods), we additionally analyzed the effect of depleting Spt16 on transcription 373 of Gcn4 targets. 130 Gcn4-regulated genes were enriched among the top 1246 transcribed genes. 374
These genes also displayed a greater reduction in Pol II occupancy at the 5' end in Spt16-375 depleted cells ( Figure 3F) . A similar profile for Rpb3 occupancy defect was observed in 376 ribosomal protein genes, which are among the highly transcribed genes (data not shown). We 377 identified 226 genes showing reduction in Pol II occupancy >0.5 log 2 ratio (ChIP/input) in 378
Spt16-depleted cells ( Figure 3G) . Interestingly, these genes were enriched among the top 10% 379 transcribed genes (p-value=10 -117 ), suggesting that depletion of Spt16 imparts a significant effect 380 on Pol II occupancy at highly expressed genes. Collectively, these results show that Pol II 381 occupancy in coding region is differentially affected by the loss of Spt16 and implicates FACT 382 in regulating global transcription. . A 5' to 3' bias in Pol II occupancy was also evident at the Gcn4-targets ( Figure 3F ) 388 and at 238 genes, which showed a reduction in Pol II occupancy > 0.5 log 2 ratio (ChIP/input) 389 ( Figure S3D) . A progressive reduction in Pol II occupancy in the 5' to 3' direction, in Spt6-390 depleted cells, suggests that Spt6 may regulate Pol II processivity. Alternately, given the role of 391 Spt6 activity in the 3'-mRNA processing, diminished Spt6 levels could also result in reduced 392
Pol II occupancy at the 3' end (KAPLAN et al. 2005) . To distinguish between these two 393 possibilities, we analyzed Rpb3 occupancy at the top 25% transcribing genes based on their gene 394 length. All three groups of genes, long (> 2 kb), medium (1-2 kb) and short (0.5-1 kb), showed a 395 5' to 3' bias in Pol II occupancies ( Figure 3H ). Interestingly, however, long and medium genes 396 displayed a greater reduction in the 3' end compared to the short genes (0.5-1 kb) ( Figure 3H 
FACT and Spt6 differentially impacts transcription and histone occupancy 406
To further address the functional overlap between FACT and Spt6, we examined genes, 407 which showed a reduction in Pol II occupancy (< -0.5 log 2 ratio) upon depleting these factors. 408
We found a significant overlap between the genes exhibiting Pol II fold-change log 2 > 0.5 upon 409 depleting either Spt16 or Spt6 (p-value = 5.1 x 10 -76 , n= 111) ( Figure 4A ). The genes showing 410
Pol II occupancy defects upon depleting either Spt16 or Spt6 (common; n=111) exhibited, on 411 average, higher Pol II occupancy (in WT cells) than those genes which showed defects only after 412 depleting either Spt16 or Spt6 (unique) ( Figure 4B ). This observation suggests that strongly 413 transcribed genes may need full functions of Spt6 and Spt16 for a high-level of transcription. It is 414 also interesting to note that while Spt6 depletion was less efficient compared to that of Spt16, it 415 nonetheless evoked very similar Pol II occupancy defects on these genes ( Figure 4C ). In contrast, 416
Rpb3 profiles at the genes uniquely affected by Spt6 or Spt16 depletion showed a distinct cohort 417 behavior. Greater reduction in Rpb3 occupancy was observed across the ORF of the Spt16-418 unique genes (n=115) upon depletion of Spt16 than of Spt6 ( Figure 4D ). Unlike the 'common 419 genes' these genes tolerated a moderate loss of Spt6. Likewise, Spt6-unique genes (n=217) 420 displayed a stronger Pol II occupancy defect after depleting Spt6 than Spt16 ( Figure 4E the Spt6-unique and common genes, whereas Spt16-unique genes were shorter ( Figure S4A and 425 S4B). Thus, it appears that the differential effect of Spt16 and Spt6 depletion could partly be due 426 to differences in their localization patterns over the coding sequences. 427
We further examined the differential effect of depletion by determining Rpb3 ChIP 428 occupancy at four genes, which showed comparable Spt6, and Spt16 occupancy in our ChIP-chip 429 experiments. Pol II occupancies in the ORFs of GLY1, HAC1, BDF2, and PHM8 were 430 substantially reduced (~2-5 folds) upon Spt16 depletion ( Figure 4F ). By contrast, only a 431 moderate to negligible reduction was observed after depleting Spt6. For example, Rpb3 was 432 reduced by less than 1.5 folds at GLY1, HAC1, PMH8 upon Spt6 depletion. Similarly, we found 433 that histone H3 occupancy was more severely reduced in 5' ORFs of these genes upon depleting 434
Spt16 than upon Spt6 ( Figure 4G While these 137 genes displayed greater Pol II occupancy defects in SPT16/spt6Δ202 than 473 observed in Spt6 or Spt16 depleted cells, the greatest defect was observed in the double mutant 474 ( Figure S5C ). These observations suggest that FACT and Spt6 may act synergistically to 475 stimulate transcription of a subset of highly expressed genes. 476
We also examined the 63 lowly expressed genes among the 200 genes, which showed 477 greater reduction in the double mutant. While no significant reduction in Pol II occupancy was 478 seen either in SPT16/spt6Δ202 mutant or in Spt6 and Spt16 depleted cells, occupancy was 479 significantly reduced in the double mutant ( Figure 5D ). This suggests that FACT may 480 redundantly act with Spt6 in promoting transcription of a subset of lowly expressed genes. More 481 sensitive methods may be needed to fully comprehend the extent to which Spt6 and FACT 482 coordinate transcription of lowly expressed genes, especially considering the technical 483 challenges in accurately measuring Pol II occupancies at genes expressed at very low levels. 484
We next examined histone occupancy changes in spt16/spt6Δ202. We found that the 137 485 highly expressed genes displayed increased histone occupancy across the metagene ( Figure 5E ). 486
The greatest increase in histone occupancy was observed slightly upstream of the TSS. chromatin to enhance transcription in a manner independent of histone disassembly, as proposed 495 earlier (FORMOSA 2012). In contrast, the histone occupancy profile for the 67 genes (low 496 transcribed) was distinct from the highly expressed genes in that elevated histone occupancy near 497 the TSS was observed only in the spt16/spt6Δ202 double mutant, but not in the single 498 (SPT16/spt6Δ202) ( Figure 5F ). However, in both treated and untreated cells, elevated histone 499 occupancies were observed downstream of the TSS. This observation is in agreement with the 500 Pol II occupancy defects, which were also observed only in the double mutant ( Figure 5F ). 501
Increased histone occupancies near the TSS and in coding regions are consistent with the idea 502 that histones pose a significant barrier to transcription and suggest a role for FACT and Spt6 in 503 modulating histone occupancy. 504
505
DISCUSSION 506
In this study, we have examined the role of two highly conserved histone chaperones, 507
Spt16 and Spt6, in regulating genome-wide transcription and histone occupancy, under amino 508 acid starvation conditions. Spt6 recruitment to coding regions is stimulated by the 509 the ORF-associated mutant Spt6 acts in a non-specific manner and impairs transcription leading 599 to elevated histone occupancies across the coding regions. It is also possible that the tSH2 600 domain modulates Spt6 function such that Spt6 without this domain is impaired for its histone 601 eviction function, leading to strong transcription defects as observed in the spt6∆202 mutant. 602
The greater Pol II occupancy defect observed upon Spt16 depletion in the tSH2 mutant at a 603 subset of highly transcribed genes (137 genes, Figure S2C 
